The objective of this three-year study, performed in 2006-2008, was to determine the influence of long-term cold storage on some physical and chemical parameters influencing nutritive and biological value of carrots of different storage root colours and shapes. Eight carrot cultivars were chosen for the experiment: Perfekcja, Interceptor F 1 , Vita Longa, Nebula F 1 , Purple Haze F 1 , Deep Purple F 1 , Mello Yello F 1 and White Satin F 1 . Quality parameters of the carrots, including CIE L*a*b* colour parameters of the whole roots and juice, root firmness (with HPE firmness tester), dry matter, soluble solids, sugars, total phenolics, total carotenoid, antioxidant activity of the whole roots and juice (with DPPH method), were determined directly after harvest and after 6-month storage of the roots at 0-1ºC and 97% RH. The results showed significant influence of the storage on most of the quality traits of the roots, particularly colour, firmness, soluble solids and phenolics content. These changes were also related to the cultivars. Storage of the carrot roots caused a decrease in their firmness. Soluble solids and sugars content showed a tendency to increase during the storage period. Storage of the carrots resulted in decreasing nitrates content and increasing phenolics and carotenoid compounds content in the roots. Antioxidant activity of carrot juice showed small increasing tendency resulting from the storage of the roots, but antioxidant activity of the roots decreased.
INTRODUCTION
Carrot (Daucus carota L.) is an important vegetable crop in Poland, consumed during the whole-year period. According to Mazza (1989) , the most important quality attributes of carrots are: storage root size, shape, uniformity, colour, texture and internal quality aspects (sensory quality and biological value). In the case of carrots used for processing, juice colour and acidity are also of primary importance. Carrot cultivars of orange coloured storage root, which are widely grown in Europe, derive from Eastern anthocyanin-containing types, of purple or violet root (Banga 1984 , Rubatzky et al. 1999 . Recently, several cultivars of creamy-white, yellow, purple or violet root have been bred by European breeders and introduced to horticultural practice, also in Poland.
According to Holden et al. (1999) and USDA database (Anonymous 2004) raw carrot roots contain, on average, 12% of dry matter, 4.5% of sugars, 2.0% of dietary fiber, 5.7 mg·100 g -1 of β-carotene and 5.9 mg·100 g -1 of vitamin C. The high biological value of this vegetable relates mainly to carotenoid compounds and dietary fibre, which are components of carrot roots tissue (Alasavar et al. 2005) . Carotenoids are red, orange or yellow fat-soluble plant pigments. In human organism, some carotenoids are converted into the vitamin A (Handelman 2001) . High dietary intake of carotenoids protects humans against diseases resulting from oxidative or free radical damage (Rock 1997) . The main carotenoid compounds found in carrot roots are α-carotene and β-carotene (Simon & Wolff 1987 , Mayer-Miebach & Spiess 2003 . Other data show that carotenoid content is highly differentiated among carrot cultivars and ranges from 4 to 25 mg·100 g -1 or even more (Rubatzky et al. 1999) . Skrede et al. (1997) found that high carotenoid content in carrot results in a more reddish and darker colour of the roots. Carotenoid content increases with the age and size of storage root (Lee 1986 , Rosenfeld 1998 ). There are reports that purple coloured carrot roots contain higher amount of phenolics and show higher antioxidant capacity (Alasalvar et al. 2005 . Antioxidants inhibit or delay the oxidation of other molecules and protect cells against the damaging effects of reactive oxygen species. Antioxidants found in vegetables are phenolic compounds (anthocyans, flavonoids and phenolic acids), carotenoids and ascorbic acid (Velioglu et al. 1998 , Paulauskiene et al. 2006 , Podsędek 2007 . Phenolic acids show also immuno-stimulating, anti-tumour and anti-bacterial properties, and in plant they increase cells resistance to some pathogens (Sawa et al. 1999 , Ismail 2004 . Soluble sugars are the dominant storage compounds in carrot roots. They account for 34-70% of dry weight of the root and are stored in vacuoles of the parenchyma (Daie 1984 , Nilsson 1987 .
Most of carrots produced in Poland are stored for several months before consumption. Carrot mature roots can be stored successfully in cold store conditions for 6-8 months, depending on the cultivar and initial quality of the roots. Recommended storage conditions are: temperature of 0-1ºC and 95-98% RH (Stoll & Weichmann 1987) . Storage conditions are among the main factors influenceing changes of carrot roots quality during postharvest period (Seljasen et al. 2001) . However, it is believed that carotenoid content in the roots is little affected by postharvest storage (Koca & Karadeniz 2008) . Sometimes an increase of carotenoid content is observed (Le Dily et al. 1993 , KopasLane & Warthesen 1995 , Kidmose et al. 2004 . By contrast, phenolics are very liable compounds, and their content in plant tissue can increase or decrease relatively fast (Babic et al. 1993 , Leja et al. 1997 , Gajewski & Rosłon 2002 . Phenolics accumulation during carrot storage at ambient atmosphere was observed by Leja et al. (1997) . By contrast, Koca & Karadeniz (2008) showed decrease of phenolics in carrots during 6 months of storage. Anthocyanins content in the roots of purple cultivars can decrease during postharvest (Alasalvar et al. 2005) . However, storage ability of carrot roots of cultivars other than orange coloured ones is little recognized. Sugar compounds are the substrates used during storage for the respiration process in the plant tissue. Increasing hexoses and decreasing sucrose content was observed during storage of carrot roots (Suojala 2000) . Vegetables are regarded as a major source of nitrates for human population and the content of nitrates is restricted (Santamaria 2005) . According to Międzybrodzka et al. (1992) the influence of storage on nitrates content in carrot roots is not clear.
The objective of the study was to determine the influence of long-term storage of roots of different carrot cultivars, differed in root colour and shape, in cold store conditions, on quality traits of the roots, related to their physical and chemical parameters. New carrot cultivars, of purple, yellow and creamy-white root colour were also included in the experiment.
MATERIAL AND METHODS
The three-year experiment was carried out in Warsaw University of Life Sciences in the storage seasons of 2006/2007, 2007/2008 and 2008/2009 After the harvest, the carrot roots were stored for 6 months in a cold store at the temperature of 0-1ºC and RH 97%. For the storage, the roots were packed in plastic crates, capacity of 15 kg. The experiment was established as the two-factor one, in four replicates. In one replicate there were 15 kg of carrot roots. The factors for the experiment were: A -cultivar (8 cultivars), B -time of observation (directly after harvest and after 6 months of roots storage). Observations and analyses of the roots were performed directly after the harvest and after the storage period, on representative samples of the roots, taken from each replicate. Carrot juice was obtained from the whole roots in a professional, rotary juice-maker.
Colour parameters of the carrot roots and juice were determined with HunterLab XE spectrophotometer (HunterLab, USA), using CIE L*a*b* scale, with 10º/D65 instrument setup. The measurements were taken from the cleaned surface of the root in the middle of its length. The data was processed by 'Universe' software. Root firmness was determined with HPE Firmness Tester (Bareiss, Germany) in HPE scale, ranging from 0 to 100, using 2.5 mm diameter spherecal endpoint, dedicated to carrot. Dry matter of the roots was determined by drying samples at 105ºC until stable weight. Total sugar content in the root was determined with standard LuffSchoorl's method. Soluble solids content was determined with digital refractometer. The pH value of juice made of the roots was determined with pH-meter. Total carotenoid content in the roots was determined spectrophotometrically [PN-90/A-75101. 12]. Deeply frozen samples were grounded with anhydrous sodium sulfate and extracted by hexane. Total carotenoid content was determined with UV-1201V spectrophotometer (Shimadzu, Japan), using the wavelength of 450 nm. Total phenolics content was determined spectrophotometrically, using the FolinCiocalteau reagent (Velioglu et al. 1998) . Nitrates (NO 3 ) content in the roots was determined spectrophotometrically. Finely grated roots were extracted with acetic acid (10 g sample + 100 mL of 2% acetic acid + active carbon to eliminate colour). Filtrated extracts were injected to Fiastar instrument (Tecator, Sweden). Nitrates content was determined at the wavelength of 440 nm. Antioxidant activity of the roots and juice was determined according to Yen & Chen (1995) , as the percent of DPPH (2,2-diphenyl-1-picryl-hydrazyl) activity inhibition in methanol extract. Samples of the carrot roots were grounded and extracted for 30 min in methanol. Measurements were done with UV-1201V spectrophotometer (Shimadzu, Japan) after 10 min of reaction, using the light wavelength of 517 nm.
For the analysis of variance Statgraphics Plus 4.1 software was applied, and Tukey's HSD test was used to show which values differ significantly at P=0.05. Data obtained in the three seasons were treated as replicates in the statistical analysis.
RESULTS AND DISCUSSION
Storage of carrot roots resulted in some changes of their quality. Storage significantly affected colour parameters of the roots for most of the cultivars (Table 1) . Due to fundamental differences between colour characteristics of the roots of various cultivars, the influence of the storage on colour parameters was analyzed for each cultivar separately. In respect of L* parameter, which relates to the root lightness, storage of the roots resulted in a decrease in its value, except the roots of Mello Yello and White Satin carrots. Significant changes were observed in the case of a* parameter (intensity of the red colour). Roots of all carrot cultivars showed decreased value of this parameter after the storage period. The observed changes of L* and a* parameters are in agreement with Koca & Karadeniz (2008) report for stored orange Maestro carrot, which was kept at cold store conditions for 6 months. Intensity of the yellow colour (b* parameter) was little affected by the storage, and significant changes (decreasing of the value) was observed in the case of roots of Perfekcja and Mello Yello carrots. The colour of carrot roots relates to carotenoid occurence in the root tissue (in the case of purple coloured cultivarsalso with anthocyanins occurence). According to Skrede et al. (1997) there is quite a strong relationship between a* parameter (intensity of red colour) and carotenoids content in carrot roots. Because carotenoids and anthocyanins are transported to juice obtained from the roots, colour parameters of the juice were determined in this study as well. It was found that storage of the roots significantly influenced colour parameters of the juice. The value of L* parameter significantly decreased, except all-purple roots of Deep Purple carrot and orange roots of Vita Longa (Table 1) . The values of a* and b* parameters showed a slight decreasing tendency for the most of carrot cultivars. These changes indicate a tendency to a decrease in colour intensity of the juice as a result of the roots storage, which suggests that carotenoids content in the roots may decrease or that availability of these compounds during juice extraction decreases.
Directly after the harvest, roots of the carrot cultivars were characterized by different firmness, measured in HPE scale ( Table 2 ). The most firm were the roots of Nebula (82.25 HPE units), and the least firm -of Deep Purple carrot (60.05 HPE units). Storage caused a significant decrease in the roots firmness of the most cultivars. The strongest decrease in the firmness (of about 40%) was found for the roots of Interceptor, which were the least firm after storage period. On average, the drop down of the roots firmness was about 20%.
Directly after the harvest, dry matter content in the roots ranged from 9.0 to 13.9% and was the highest for Purple Haze carrot ( Table 2 ). The storage of the roots resulted in a slight tendency to dry matter increasing, which was found for the most carrot cultivars. This phenomenon can be explained by water loss from the root tissue occurring as a result of transpiration process. Table 1 Soluble solids content in the roots directly after the harvest ranged from 7.70 to 10.45 o Bx (Table 3) . The highest content, before and after storage, was noted for the roots of Purple Haze, but quite similar content were shown the roots of Deep Purple carrot. Storage of the roots for most of the cultivars resulted in significant increase of soluble solids content. On average, soluble solids content increased from 8.82 to 9.88 o Bx, i.e. by about 12%. This could result from transpiration process, similarly as in the case of dry matter.
Directly after the harvest, total sugars content in the roots ranged from 4.58 do 7.00 g·100 g -1 f.w., depending on the cultivar, and after the storage the content changed only a little, with a insignificant tendency to increase (Table 3) .
The carrots showed lower pH value of the juice after the storage period than directly after harvest. The pH value was significantly related to the cultivar, as well. The highest pH value showed the juice made from the roots of Deep Purple carrot (6.37) ( Table 4) . Table 1 Generally, carrot roots were characterized by relatively low nitrates content. Directly after the harvest the amount reached, on average, 200 mg NO 3 ·kg -1 f.w., and after the storage period the amount decreased to about 163 mg NO 3 ·kg -1 f.w. (Table 4 ). It could be said that nitrates content in the roots generally decreased, except for the roots of Nebula and White Satin carrots, which did not show changes, and for Interceptor, which showed more nitrates after the storage period than directly after harvest. Nitrates content in the carrots was generally well below the value of 400 mg NO 3 ·kg The experiment showed that phenolics content in the roots was highly differentiated among the carrot cultivars. The highest content of phenolics was shown by the roots of purple coloured carrot cultivars. Relatively high phenolics content in purple coloured carrots was also reported by Alasalvar et al. (2005) . The influence of storage on phenolic compounds content in the roots was significant (Table 5) . Roots of all carrot cultivars showed significant increase of phenolics content (on average, from 5.63 to 12.25 mg·100 g -1 f.w.), and the highest increase (almost 2-fold) was observed for the roots of purple coloured carrots -Deep Purple and Purple Haze. The increase of phenolic compounds in carrot roots is in agreement with Leja et al. (1997) report, but in opposite to Koca & Karadeniz (2008) findings. Since phenolic compounds found in orange and yellow coloured carrot cultivars are, in large amount, phenolic acids, which are bitter compounds, the changes in their amount in carrot roots can influence their sensory characteristics, which was observed in the study carried out by . Note: see Table 1 Carotenoid compounds are the main pigments in roots of orange coloured carrot cultivars (Alasalvar et al. 2005) . Directly after harvest, total carotenoid content reached, on average, 4.26 mg·100 g -1 f.w. The lowest content were shown the roots of White Satin carrot (0.20 mg·100 g -1 f.w.), and the highest the roots of Purple Haze (9.76 mg·100 g -1 f.w.). The amount of carotenoid we found in the roots is in agreement with the data for carrots reported by Holden et al. (1999) . Carotenoid content in the roots increased a little after the storage period. The roots of Purple Haze showed the highest carotenoid content before and after the storage period, but the roots of Interceptor were nearly as rich in carotenoid, as the roots of Purple Haze. High content of carotenoid compounds in roots of purple coloured carrots was also reported by Alasalvar et al. (2005) .
Antioxidant activity (AA) of the roots was highly differentiated among the carrot cultivars (Table 6 ). The activity, measured with DPPH method, varied from about 9% for the roots of 'White Satin' up to 65% for the roots of Deep Purple and Purple Haze carrots (means of both terms of observation). This indicates that the roots of purple coloured carrots showed higher AA value than the roots of other cultivars. The influence of storage on AA of the whole roots was significant, and after the storage period a lower AA was observed. Also an interaction between time of analysis and the cultivars was found. Namely, the roots of Mello Yello and White Satin carrots (yellow and creamy-white coloured ones), as well as of Perfekcja (orange coloured) showed different changes in AA, resulting from the storage, compared with roots of the other cultivars. The decrease of AA for carrot roots (measured with ABTS method) after storage period was also reported by Koca & Karadeniz (2008) .
Similarly as for the whole roots, the juice made from the purple coloured roots showed the highest AA, and the juice made from the yellow and, especially, creamy-white coloured roots -the lowest AA (Table 6 ). The influence of storage of the carrots on AA of the juice was generally insignificant, but interaction between the time of AA determination and the cultivar was found. Namely, the juice made from the roots of Perfekcja, Interceptor, Vita Longa and Nebula carrots showed a higher AA after storage period than directly after harvest, but for other carrot cultivars this phenomenon was not observed.
Correlation coefficients r between the AA and chemical composition of the roots (freshly harvested and stored ones), calculated on the basis of three year study are as follows: r for phenolics content in the roots is equal to 0.81* and for total carotenoids is equal to 0.74* (* indicates signifycant correlation at P<0.05). Therefore, it seems that both chemical compounds significantly influence antioxidant activity of carrot roots, phenolic compounds especially. This finding is in agreement with the data reported by Velioglu et al. (1998) and Ismail et al. (2004) . systemie CIE L*a*b*, twardość korzeni (twardościomierzem HPE), suchą masę, zawartość ekstraktu, zawartość cukrów, zawartość związków fenolowych, zawartość karotenoidów ogółem, aktywność antyoksydacyjną całych korzeni i soku (metodą DPPH), badano bezpośrednio po zbiorze i po 6 miesiącach przechowywania korzeni w temperaturze 0-1ºC i wilgotności powietrza 97%. Przechowywanie wpłynęło istotnie na więk-szość badanych cech jakościowych korzeni, zwłaszcza na barwę, jędrność, zawartość ekstraktu i związków fenolowych. Wpływ ten zależał także od odmiany marchwi. Przechowywanie powodowało obniżenie twardości korzeni. Zawartość ekstraktu i cukrów wykazywała tendencję wzrostową podczas okresu przechowywania. Przechowywanie powodowało zmniejszenie się zawartości azotanów oraz wzrost zawartości związków fenolowych i karotenoidowych w korzeniach. Aktywność antyoksydacyjna soku z korzeni wykazywała nieznaczną tendencję wzrostową, natomiast aktywność antyoksydacyjna korzeni zmniejszyła się.
